Polyethylene oxide (PEO) has been applied to industrial or biological use as a highly hydrophilic, viscous and spinnable polymer. So far, the mixed system of PEO-H2O has been discussed in various articles. 1-3 A powder sample of PEO, on the other hand, has a high degree of crystallinity, so that its hygroscopicity is as low as about 5% at 80% RH, which is very low among hydrophilic polymers. 4 However, once PEO powder is mixed with hydroquinone (HQ) powder, its hygroscopicity is remarkably increased, although HQ itself does not show any hygroscopic character. Water molecules absorbed during the mixing process are linked between the oxygen atom of PEO and the hydrogen atom of HQ by hydrogen bond. The water molecules in this case, are considered to exist in quite a different bound state from bulk water. 5 In this paper, we discuss the various states of water molecules restricted by PEO, using DSC, NMR and HFS (high-frequency spectroscopy).
Introduction
Polyethylene oxide (PEO) has been applied to industrial or biological use as a highly hydrophilic, viscous and spinnable polymer. So far, the mixed system of PEO-H2O has been discussed in various articles. [1] [2] [3] A powder sample of PEO, on the other hand, has a high degree of crystallinity, so that its hygroscopicity is as low as about 5% at 80% RH, which is very low among hydrophilic polymers. 4 However, once PEO powder is mixed with hydroquinone (HQ) powder, its hygroscopicity is remarkably increased, although HQ itself does not show any hygroscopic character. Water molecules absorbed during the mixing process are linked between the oxygen atom of PEO and the hydrogen atom of HQ by hydrogen bond. The water molecules in this case, are considered to exist in quite a different bound state from bulk water. 5 In this paper, we discuss the various states of water molecules restricted by PEO, using DSC, NMR and HFS (high-frequency spectroscopy).
Experimental
Materials and sample preparation: The weight-average molecular weight of PEO used in this study was 70000 (Wako Pure Chemical Industries, Ltd.). Pure water and/or heavy water was mixed with the PEO powder in various molar ratios.
Instruments
1 H NMR spectra were obtained using a JEOL EX400 operated at 400 MHz, at 25˚C. DSC analysis was carried out by a SEIKO Exstar6000 DSC120C, DSC100. After each sample was sealed in a silver metal container and carefully weighed (about 10 mg), it was first cooled to -120˚C at a rate of 4˚C/min, and then the temperature was raised to 80˚C at a rate of 4˚C/min. Measurement of the high-frequency spectra was conducted using the measuring system previously reported, [6] [7] [8] in the frequency range 0 -2000 MHz at room temperature.
Results and Discussion

PEO-H2O system
PEO-H2O systems in various molar ratios of EO (constitutional repeating unit of PEO) to H2O were investigated by DSC, in order to know the behavior of water molecules interacting with PEO in biological or industrial processes. The water molecules species contained in PEO are divided roughly into two species of freezable water and non-freezable water from temperature and enthalpy for melting/crystallization. The former is not significantly different from bulk water and may be called "weakly bound water". The latter exhibits large differences from bulk water in melting enthalpy and temperature, and may be called "strongly bound water". No phase transition can be observed in DSC measurements. Figure 1 shows the DSC curves obtained for the samples of PEO-H2O system. In case of the sample with the molar ratio 0.5 of H2O to EO, a melting peak of bound water is observed near -8˚C, while PEO shows two melting peaks around 50˚C, which is somewhat lower than the melting point of pure PEO. Furthermore, in the samples with the molar ratio more than 1.0, the intensity of the melting peak becomes weaker, showing that the crystallinity of PEO reduces, that is, the extent of amorphous part increases. Figure 2 shows the NMR spectra for the samples of PEO-H2O and PEO-D2O systems recorded at 25˚C just below the melting temperature of PEO. Based on these results, we can estimate Measurements of DSC, NMR and high-frequency spectroscopy have been done on PEO-H2O and PEO-H2O-HQ mixed systems. DSC measurements show that water molecules contained in PEO are divided roughly into two species: freezable water and non-freezable water. By 1 H-NMR measurements, PEO and H2O protons show an absorption peak around 3.6 ppm and 4.5 ppm, respectively. All the PEO-H2O samples containing H2O show NMR absorption signals, suggesting the existence of movable H2O. Samples with H2O molar ratio over 0.5, show one absorption peak of H2O protons, and more than two peaks of PEO. The results from DSC and NMR measurements show that the bound state of H2O in PEO, as well as the mobility of PEO itself, varies according to the water content in PEO-H2O samples. On the other hand, DSC measurements give the result that PEO-H2O-HQ systems can be considered as homogeneous so long as the content of H2O and/or HQ is not so high. Furthermore, the water molecules in the system exist as bound water. Results of high-frequency spectroscopic measurements for the PEO-H2O and PEO-H2O-HQ systems show good agreement with those of DSC and NMR measurements. the signals of PEO and H2O protons, separately. From the spectra of PEO-D2O samples, we can obtain the signal only for PEO protons, while from those of PEO-H2O samples, the signal for H2O protons can be discriminated, by subtracting the contribution from PEO-D2O protons. The protons of PEO are all equivalent from the structural point of view, so that the signal for the PEO protons show a singlet peak around 3.6 ppm in the molten state. 9 No signal of protons in the crystalline state of PEO is observed in the spectra. The H2O protons is observed around 4.8 ppm. 10 All the PEO-H2O samples containing any amount of H2O
show NMR absorption signals, suggesting somewhat higher mobility than that of PEO without H2O. This agrees with the results from DSC measurements where the observed amount of the amorphous part is increased. The sample with water molar ratio over 0.5 shows one absorption peak of H2O protons, and more than two absorption peaks of PEO. The PEO peak for the sample with water molar ratio over than 1.0 becomes somewhat more complicated. These results are all in good agreement with the DSC results, such that the melting peak was split according to the increase of water content. These results from DSC and NMR measurements show that the bound state of H2O in PEO, as well as the mobility (crystallinity) of PEO itself, varies according to the water content in PEO-H2O samples. Furthermore, as water content increases, the mobility of PEO and water molecules is increased, reducing the crystallinity of PEO.
PEO-H2O-HQ system DSC measurements.
The effect of hydroquinone (HQ) on the bound state of water for PEO-H2O samples with the molar ratio 0.2 to 0.5 of H2O to one unit of EO is investigated. Figure 3 shows the DSC measurements for EO:H2O:HQ = 1:0.2:x, where x denotes the molar ratio of HQ to EO. This sample is regarded as still retaining crystallinity from the above mentioned measurements of PEO-H2O system. With the increase of HQ content, the Tg (temperature of glass transition) of PEO shifts to the higher temperature side (around -60˚C). The Tm (melting temperature) peak is not clearly observed for the samples with x value more than 0.5. However, when the x value reaches to 2.5, Tg is slightly lowered and the Tm peak appeared around 60˚C, showing a phase separation. So, for the samples with 0.5 < x < 2.5, the PEO would be in an amorphous state.
Next, Fig. 4 shows the DSC curves for the sample of EO:H2O:HQ = 1:y:0.5, where y denotes the water molar ratio to EO. For the samples with y = 0.2, 0.3, and 0.4, Tg slightly decreased as y value increased. However, in the sample with y = 0.5, Tg is increased and the small melting peak can be observed, suggesting that the phase separation is occurring also in this case. One might consider that a kind of complex has formed. The supposed structure of the complex is shown in Fig.  5 . As seen in Fig. 1 , the melting peak of bound water was clearly found for the sample y = 0.5, while none of the samples containing any content of HQ (Fig. 4) show any melting peak 682 ANALYTICAL SCIENCES JUNE 2002, VOL. 18 around at -8˚C. These results show that water molecules in the sample containing HQ, are strongly bound by HQ, and can be referred to as non-freezable water.
The results so far obtained can be summarized as follows: in the system of PEO-H2O-HQ, the samples are considered to be homogeneous so long as the content of H2O and/or HQ is not so high, and the water molecules in PEO-H2O-HQ system exist as bound water, not like free (bulk) water which melts near 0˚C.
Measurement of high-frequency spectra.
The results obtained so far by DSC and NMR measurements are also supported from the results of high-frequency spectroscopic measurements. Figure 6 shows the spectra for the samples which contain only PEO and H2O (a), for the samples of PEO:H2O:HQ = 1:0.2:x (b), and for the samples having the mixing ratio PEO:H2O:HQ = 1:0.5:x (c), where x denotes the molar ratio for HQ. In Fig. 6(a) the spectra for pure H2O are shown. The peak around 500 MHz is characteristic for bulk water (molecules bound each other by hydrogen bonds), and the smaller peak around 1600 MHz is considered as the higher tone of the former one, or the peak due to another species of water molecules in weakly bound state. Peaks observed between 1000 -1500 MHz for the samples with the molar ratio for PEO:H2O = 1:y with y = 0.2 to 0.5 show that these water molecules are in a bound state in the PEO chain. The peaks are observed shifted to higher frequency side compared with the bulk water molecules bound by hydrogen bonds (∼500 MHz). Because the resonance frequency reflects the permittivity of the sample, the resonance frequency shows lower side shifts with increase of water content. In Fig. 6(b) , the spectra for the sample with x = 0.0 to 0.3 are observed between 683 ANALYTICAL SCIENCES JUNE 2002, VOL. 18 1000 MHz and 1500 MHz, while those with x = 0.5 and 1.25 are observed at higher frequencies over 1500 MHz. These peaks suggest the presence of isolated water molecules which are bound by hydrogen bonds with EO and HQ. In Fig. 6(c) , all the peaks are observed between 1000 MHz and 1500 MHz, showing the influence on bond strength of the mutual approach of water molecules.
The results of high-frequency spectra suggest that the PEO-H2O-HQ system shows lower permittivity with increase of HQ content, if the water content remains the same. The orientation of water molecules for electric field was apparently obstructed by hydrogen bonding with EO and HQ.
